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In the framework of the two-band model of a doped semiconductor the self-consistent equations de-
scribing the transition into the excitonic insulator state are obtained for the 2D case. It is found that due
to the exciton-electron interactions the excitonic phase may arise with doping in a semiconductor stable
initially with respect to excitonic transition in the absence of doping. The effects of the strong interac-
tions between electron (hole) Fermi-liquid (FL) and excitonic subsystems can lead to the appearance of
the states lying in the middle of the insulating gap.
Let us consider a two-band model of a doped
semiconductor. On the one hand this model al-
lows us to describe the properties of a copper-
oxide superconductors if we have a Cu−O model
with bands formed by the hybridized Cu−dx2−y2
and O−px,y orbitals [1,2]. On the other hand the
two-band model has been used for studying the
transition from the semiconductor state into the
Excitonic Insulator State (EIS) [3,4]. In this case
one considers that the Excitonic Transition (ET)
arises only if the band gap Eg is smaller than
the binding energy Ec of an exciton. The doping
effectively decreases the exciton binding energy
and, therefore, it destroys EIS.
The method based on the three-body scatter-
ing approach to studying the influence of a prox-
imity to ET on the properties of the doping elec-
tron FL has been proposed in [2]. The alterna-
tive method based on the solution of the Bethe-
Salpeter equation for electron-exciton scattering
has been developed in Ref.[4]. It was found there
that if Ec < Eg < Ec+J (J is the binding energy
of an exciton with an electron) the creation of an
exciton from the vacuum would be favorable from
the energy standpoint. The exciton creation pro-
cess will be stabilized by the repulsion of excitons
[3]. These arguments make it possible the estima-
tion for the equilibrium exciton density in 2D and
3D cases. In the present work we intend to study
the influence of an exciton subsystem on the dop-
ing electron FL properties in the framework of
the method [4].
Following [3,4], let us consider the two-band
model of a doped semiconductor with the electron
dispersion relation ε1 and hole dispersion relation
ε2 in 2D case.
εi = ±Eg/2± p
2/(2mi) i = 1, 2 (1)
The Hamiltonian of interaction in terms of elec-
tron density operator ρ(x) =
∑
i
Ψ†i (x)Ψi(x) is
Hint =
1
2
∫
dxdyρ(x)
e2
| x− y |
ρ(y) (2)
Without any loss of generality we will consider
the case of doping into the upper band and m2 >
m1. The path integral representation of partition
function Z of the system in terms of slow electron
field χ and excitonic field Φ describing the collec-
tive properties of electrons and holes [4] has the
form:
Z =
∫
exp(Sel + Sex + Sint)DχDχDΦ
∗DΦ (3)
Sel =
∫ β
0
dτ
∫
dxχ[−∂τ +∇
2/(2m1) + µ]χ−
−
1
2
∫ β
0
dτ
∫
dxdy | χ
x,τ
|2 V eff
x−y | χy,τ |
2
Sex =
∫ β
0
dτ
∫
dxΦ∗[−∂τ − λ(x) −
f
2
| Φ |2]Φ
Sint = −γ
∫ β
0
dτ
∫
dx | χ
x,τ
|2| Φx,τ |
2 (4) where
M = m1+m2 is the mass of exciton, V
eff is the
effective Coulomb potential of doping electrons,
f and γ are, respectively, the exciton-exciton
and exciton-electron constants. Moreover, γ cor-
responds to the exciton-electron attraction [4].
The quantity λ(x) = Eg − Ec[1 − A(pF aB)
2] −
∇2/(2M) is the exciton dispersion relation, aB
is the first Bohr radius of electron and the other
notations have a standard form. The expression
for λ incorporates the circumstance that for the
doping densities pFaB ≪ 1 the exciton binding
energy falls linearly with increasing the electron
density, A ∼ 1.
Fig.1. Self-energy of excitons (a) and electrons (b)
The presence (or absence) of the excitonic
condensate with the equilibrium density n0 in the
system at T = 0 is connected with the presence of
time-independent spatially-homogeneous solution
of classical equation for the saddle-point trajec-
tory of field Φ:
(i∂t − λ(x)−W − F | Φx,t |
2)Φx,t = 0 (5)
where W is the self-energy Fig.1(a), F ≈
4π/(M ln[Ec/µex) is the renormalized vertex for
the exciton-exciton interaction, and µex = n0F
is the exciton chemical potential. The condition
µex ≪ Ec corresponds to the low density exciton
gas n0a
2
B ≪ 1.
Let us consider Γ as a result of solution the
Bethe-Salpeter equation for electron-exciton scat-
tering.
Γ(P ) = γ[1− iγ
∫
d3k
(2π)3
G(k)g(P − k)]−1 (6)
where G and g are the Green’s functions of elec-
trons and excitons, respectively, d3k = dkdǫ. On
the Fermi surface the vertex Γ is a function only
of the electron-exciton total energy. To take self-
consistently into account the mutual influence of
electron and exciton subsystems one should solve
the system of equations (7) with Γ defined by re-
lation (6), see Fig.1:
−λ(k = 0) + i
∫
d3k
(2π)3
Γ(k)G(k) = n0F
Σ(k) = n0Γ(k) (7)
where the Green’s functions are defined self-
consistently by
G = [ǫ− ξp − (Σ(ǫ,p)− Σ(0,pF ) + iδsgnξp]
−1
g = 2E0(P)[ω
2 − E2(P) + iδ]−1, (8)
and the spectra are E2(P) = E20(P)+2µexE0(P),
ξp = (p
2 − p2F )/(2m1), E0(P) = P
2/(2M).
Analysis of (6) and (7) shows that the equi-
librium exciton density n0 exists under the con-
ditions Eg − Ec < J , εF < ε
max
F = αJ , α ∼ 1.
In this case n0 ∼ m1ε
2
F /J , | Σ(0,pF ) |∼ εF and
the effective electron mass on the Fermi-surface is
meff/m1 = (1− (
∂Σ
∂ǫ
)
0,pF
)/(1 + ( ∂Σ
∂ε(p) )0,pF )≫ 1.
Fig.2. Schematic change in the one-particle DOS due to
the exciton-electron interaction
Let us consider the electron DOS
ν(ǫ) = −
2
π
∫
dp
(2π)2
ImGR(p, ǫ) (9)
The pinning of the chemical potential and the ori-
gin of states in the insulating gap (see Fig.2) are
connected with the creation of the complex bound
state of electron and excitons. The pseudo-gap
that lies above the Fermi level (δǫ ∼ J) cor-
responds to the increase of Γ (and Σ) near the
threshold of the bound state formation. For the
region in which an exciton condensate exists, the
strong interaction between electron and exciton
subsystems can lead to the marginal properties of
the electron FL in the normal state. In addition,
there is a possibility of nonphonon superconduc-
tivity for this liquid. A further analysis of the
properties of such a system warrants a separate
study.
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